The differential cross section for the reaction 1r + + p -1r + + p was measured in the angular interval 45° to 135° in the center-of-mass system at a pion energy of 21. 5 ± 3. 5 Mev in the laboratory system.
I. INTRODUCTION
The study of pion-proton scattering has already provided considerable information concerning the interaction in the lowest two angular momentum states, usually expressed in terms of the S-and P-wave phase shifts. The behavio~r of the P 3 ; 2 phase shift for the state of total isotopic spin T = 3/2, which largely determines the scattering cross section at pion energies between about 30 and 300 Mev by its "resonant" behavior in the neighborhood of 180 *Now at Los Alamos Scientific Laboratory. tThesis. Mev, has been rather well determined by experiments in this energy region, 1-3 and quite well explained by a phenomenological meson theory.
The behavior of the S-wave phase shifts, which have an appreciable effect on the cross sections only at low energies, is . less well-known experimentally, and has been a subject of debate among theorists. At the time this experiment was begun, the available experimental data 1 (from the Panofsky effect at zero energy and the pion-proton scattering at energies higher than about 33 Mev) indicated quite strongly that the T :;: 3/2, S-wave phase shift, although negative at the higher energies, changed sign at about 20 it has been shown that application of causality requirements to the general scattering theory requires a positive sign for the T = 3/2, P 3 ; 2 phase shift, 8 in view of the resonance behavior of this phase shift. ' . . - 
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The experimental study of pion-proton scattering in the lower-energy region is rendered increasingly more difficult by the· smaller scattering cross sections involved, the lower flux of the available pion beams, and the shorter range and greater multiple Coulomb scattering in the targets and detectors.
One successful solution to these problems is the emulsion technique, where scatters from the hydrogen in the emulsion gelatin are recognized from the kinematics of the observed events. Studies are also being made using highpressure hydrogen-filled diffusion cloud chambers. 9
The method we have adopted requires that the scattered pions escape from a liquid hydrogen target and reach an emulsion stack with an energy great enough to permit an accurate measurement of the scattering direction. Our method recommends itself chiefly because of the relatively rapid collection of scattering events it provides. This is. a particularly important consideration, since the limiting factor in the study of the low-energy pion-proton scattering by the methods available at present is the slow rate of data collection.
II. THE EXPERIMENTAL APPARATUS AND PROCEDURE
The general arrangement of the apparatus in the experimental area is shown in Fig. 1 .
Formation of the Pion Beam
A low-energy pion beam of sufficient flux and adequate energy resolution was formed by the following means:
Advantage was taken of the very large cross section for the production of positive pions at forward angles in the reaction p + p -.,/ + d. 10 The incident protons were obtained from the 340-Mev proton beam electrostatically deflected from the 184-inch synchrocyclotron. Target protons were provided by the hydrogen in polyethylene, ( GH 2 )x. The target thickness was chosen to provide the energy degradation required to give pions produced in the above reaction 0 at 0 to the beam at the center of the target the desired energy on emergence from the polyethylene. Because of a degradation of the proton beam that is very nearly compensating for hydrogenous materials, 11 pions produced at 0° elsewhere in the target will have very nearly the same emergence energy. An analyzing magnet was used to deflect the pions produced in this fashion away from the higher-momentum beam protons and into a collimator that lead to the liquid hydrogen scattering target.
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Advantage was taken also of the double-focusing properties of the magnetic field provided by the analyzing magnet's wedge-shaped pole piece. Several geometries for double-focus conditions were first determined fer the simple case of an infinitely narrow fringe field, following Camac. 12 The optimum case was chosen and checked by the following procedure: an analogue computing machine, known as the "the mechanical particle," 13 was used to trace out, on a full-scale contour plot of the nJagnetic field, central trajectories. The vertical or horizontal focus points were found by considering trajector~es deviating slightly from the central trajectory and numerically integrating the first-order equations of motion. A significant change in the original calculated focus conditions was found necessary. The central trajectories were finally checked in the magnet itself by use of a flexible current-carrying wire held in tension in the field.
To ensure a sufficient flux of pions through the scattering target, it was necessary to concentrate vertically the proton beam at the production target.
Concentration of the proton beam horizontally, as well, improved the energy resolution. Three pairs of quadrupole strong-focusing magnets, 14 one "lens•• at the exit of the proton beam steering n1agnet and the other two in the target area, were used to focus the 2 -inch diameter proton beam into an area roughly 3/8 inch wide and 3/4 inch high at the production target.
To avoid scattering by air and thus increase the efficiency of the focusing, the proton beam was brought up to the production target, through the quadrupole magnets, in a pipe providing an extension of the vacuum system of the cyclotron,. Replacing the air in the path of the pion beam with helium gas reduced the calculated rms lateral deviation at the scattering target due to multiple Coulomb scattering by a factor of five, to approximately 5/8 inch. The helium was contained in a large 0. 004-inch-thick polyethylene bag, which bulged out from betwee'n the magnet pole pieces up against the production target, and which was sealed around the collimator opening. The other end of the pion beam collimator pipe was sealed against the styrofoam jacket of the scattering target to close the system. A small bag of the same polyethylene material was connected to the system outside the shielding, where it was always accessible for visual and tactual monitoring of the helium pressure.
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The Counter Telescope
The counter telescope consisted of a l .. inch-thick polystyrene-terphenyl plastic scintillator, 1. 5 inches in diametef, placed Several attempts to use the styrofoam jacket as the actual container of the liquid hydrogen proved unsuccessful. After some trial, it was found that polyethylene sheet could be fabricated into a leakproof container for liquid hydrogen. The welding of satisfactory joints was accomplished with commercially available hot-air guns. Shrinkage of the expected amount was observed when the container was filled with liquid nitrogen, and the warping was not serious.
The container, of 0. 040-inch polyethylene, was cut away in the area of the beam entrance and exit and along the entire side facing the emulsion stack detector. The emulsion stack detector was held in a drawerlike lucite holder, which slid into a hole in the styrofoarr jacket at the side of the target and permitted an accurate determination of the detector position and orientation. The holder was designed so that warmed helium gas could be passed across the face of the emulsion stack, in an attempt to keep the emulsion temperature well above the temperature of the liquid hydrogen. /,t liquid hydrogen temperature the sensitivity of the emulsion is reported to be zero. 15 During each of the two days the stack was exposed, the ten1perature at the stack face was monitored with an iron-constantan thermocouple. This temperature was typically frotr -10 to -20°C, except for brief periods the first day when overfilling of the liquid hydrogen container dropped the reading to the neighborhood of -80°C .. Even at these lowest temperatures, the emulsion sensitivity is reported 16 to be decreased by only a factor of two, so that all tracks of scattered pions should still have been visible.
The Ernul sion Stack Detector
To be able to observe with ease and assurance the tracks of the scattered pions entering the emulsion detector with energies up to 25 Mev (with ionization down to about twke minimum), it was considered advisable to use ~e highly -8-UCRL-3087 Rev sensitive llford G. 5 emulsion. This choice was also insurance against any decrease in emulsion sensitivity at the temperatures to which it would be subjected at a Mstance of one inch from the liquid hydrogen in the target.
The emulsion stack detector consisted of a stack of 60 llford G. 5 pellicles 6 by 1. 7 inches by 600 microns, bolted tightly together between two sheets of 0. 25-inch black bakelite by stainless steel screws. 17 The screws passed through holes, punched in the individual emulsions with a simple jig, in positions beyond the range of the scattered pions. Once the screws were tightened the stack could be exposed to daylight. All edges of the stack were then milled smooth and to the desired dimensions. X-ray marks were placed in the stack to facilitate the later realignment of the individual processed layers. The milled front surface permitted a more accurate measure of the ranges of the scattered pions.
After the exposure, the stack was unbolted and the layers were stripped apart and mounted on glass slides. The chemical proce.ssing processing procedure followed closely that developed by the Bristol Group for thick G. 5 emulsion. 18
To simplify the relative alignrr.ent of the emulsion layers, brass tabs were glued across the two back corners of the glass mounts. With the stage stops of the scanning microscope for reference the tabs were then systematically sanded dovm until the X-ray lines carr.e into approximate coincidence in the field of view. Alignment to± 50 microns was very easily attained; follow-through trad; shift near the plate edge caused by misalignment was smaller than that resulting from emulsion distortion.
Scanning Procedure
The range of a 25-Mev pion in G. 5 emulsion is approximately 11. 5 mm.
The scattered pions were therefore confined to the volum.:: within at most 12. 5 rum £ron, the front edge of each of the 60 plates. One method of locating all the scattered pion tracks would be simply to scan "by area" this entire volume plate by plate, looking for the positive pion endings. Another method, suggested by the relatively low number of background tracks and the possibility of following through tracks from one plate to the next, was to scan just one swath along the front edge of each plate, following every track that showed a likelihood of being a pion, until the likelihood was decisively reduced in some way--excessive range, non follow-through {prestacking background amounted to some 20o/o), proton endings, star events, etc. --or until the likelihood was rendered a certainty by the recognition of the characteristic pion endingi .
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The second method was used; although, to make it certain that every pion track would be seen, it was found necessary to take the swath a distance UCRL-3087 Rev are 3. 80 ± 0. 22 g/cm 2 and 1. 55± 0. 2.2 g/cm 2 for target out and for filled target in, respectively. The uncertainties represent a 1·ough estimate of the range spread at half maximum of the differential range curves. The m·ean ranges at the front o£ the copper absorbers, corrected for scattering, are 3. 9 5 and 1. 60 ') g/cm'", corresponding to 23.9 and 14. It is believed that n~ore weight 13hould be given to the ernulsion weasurements o£ the beam energies than to the rneasurements made with the counters and copper absorbers. We thus believe the pion beam energy to have been Fig. 10 .)
The quoted uncertainties represent the spread of the likelihood function at half-maximum. 
=.o
The results for the three selections from the data are summarized in Table I . The likelihood function for case II is mapped in Fig. 10 .
Discussi-on of the Phase-Shift Analysis
The above analysis gives an internally consistent, fairly well defined value for the S -wave scattering phase shift a. 3 . That the large uncertainty in the value of the P-wave phase shifts does not affect appreciably the determination of a. 3 is also apparent from the !~lowing results: If a. 33 is assigned the value 0. 024 given by the Chew-Low 28 theoretical fit to the higher energy results, and a. 31 is neglected, the maximum-likelihood values of o. 3 are -0. 047, -0. 044 (see Fig. 10 ), and -0. 04 7 for the data of I, 11, and III, respectively.
The more extended analysis, performed for the data of II only, discloses a"'second set of phase shifts (labeled II'), characterized by positive a. 3 and large negative a. 33 • The relative likelihoods favor the accepted set (with negative a. 3 ) by a ratio of approximately 8 to 1 (see Fig. 10 ). The large value of j a. 33 j required by the reversed sign solution is roughly twice the value obtained by extrapolation from higher energies. The two sets of phase shifts give very different differential cross sections at angles x beyond the 135° limit of our angular distribution. above the plane of the a. 33 , a. 31 -axes is seen, from the large uncertainties quoted, to be exceedingly flat, so that the location of a maximum is difficult-and not highly significant.
The differential cross sections deterrnine'd by the sets of phase shifts found for the selections from the data II, II', and III aJ;e plotted in Fig. 11, where their fit to the experimental points representing the indicated coarse grouping of the data may be compared.
To summarbe: the above analysis gives the following best values for the pion-proton scattering phase shifts at a.,relative momentum, 11= p /m c = c. m. The experiments at 113 and 120 Mev, 7 and the strict stipulation of the 8 causality requirement for the resonance behavior of the scattering, both determine the sign of a. 33 to be positive. Reversed-sign solutions, not favored by the data in any event, can thus certainly be discarded. Either of the two momentum dependences given above are thus seen to be in agreement with the data pertinent to the zero-energy slope, with the possible exception of the results of the analysis of the Panofsky and photomesic effects. 
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